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This study was initiated to characterize the distribution of Fe-Mn nodules and to
elucidate trends of Fe, Mn, and P relative to the intensity of the annual cycles of reduction
and oxidation. Nodules were enriched in Fe, Mn, and P relative to the soil matrix making
them an integral part of Fe, Mn, and P cycles. Nodules were sampled to 100 cm from
three soils that differ by internal drainage: a well-drained Willamette silt loam (fine-silty,
mixed, superactive, mesic Pachic Ultic Argixeroll); a somewhat-poorly drained Amity silt
loam (fine-silty, mixed, mesic Agriaquic Xeric Argialboll); and a poorly-drained Dayton
silt loam (fine, smectitic, mesic Typic Albaqualf) in Benton County, Oregon. Nodules
comprised 1% to 4% (wt%) of the Willamette soil, 3 to 16% of the Amity soil, and 2% to
6% of the Dayton. Peak accumulations of nodules occurred in horizons above Bt
horizons. Nodules accumulated up to 60% of the Fe-oxide pool and 90% of the Mn-oxide
pool (dithionite-citrate-bicarbonate). The weakly crystalline Fe oxides (acid-ammonium-
oxalate) ranged from 60% to 100% of the Fe-oxides in the Willamette nodules, 40% to
Redacted for Privacy90% of Amity nodule-Fe, and 30% to 70% of Dayton nodules. Where nodules were 
especially abundant, 40 to 60% of the soil-P pool was distributed among the nodules. 
Variations of Fe-Mn nodule morphology may be related to the duration and 
hydraulic properties of the high water table.  Light-colored nodules that were 
predominantly irregular- and blocky-shaped were observed in zones that regularly contain 
seasonal high water table. Irregular-shaped nodules occurred in horizons where the water 
table fluctuated during the rainy season. Light-colored blocky nodules occurred mainly in 
surface horizons that were usnally saturated for the entire rainy season. Dark, spherical 
nodules were found in horizons that were well-aerated or seasonally reduced. When 
overlain by horizons containing light-colored irregular or blocky nodules, dark, blocky to 
spherical shaped nodules were in a zone of extended saturation with infrequent or rare 
fluctuations of the water table during the wet season. ©Copyright by Lisa M. Seter
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 Geochemical Characteristics of Iron-Manganese Nodules in Seasonally-Saturated 
Soils of the Willamette Valley, Oregon 
Chapter 1. Introduction 
Purpose 
The purpose of this research was to address three questions: 1) What are Fe-Mn 
soil nodules?; 2) Why are nodules important?; and 3) How do they form? Soluble forms 
of Fe (Fe (H)) and Mn (Mn (II)) precipitate as nodules varying in size, shape, hardness, 
and color in the soil matrix (Arocena and Pawluck, 1991; Childs, 1975; Gallaher et al., 
1973; Cescas et al.; 1970). Their existence is thought to be associated with 
biogeochemical reduction and oxidation. The periodic introduction of air into the soil 
profile is required to precipitate Fe and Mn from soil solutions as nodule cements. Rainy 
winter and springs of the Willamette Valley control the seasonal water table fluctuations 
required for reduction and oxidation of Fe and Mn. 
Iron and manganese in nodules occur largely as amorphous oxide cements, 
ferrihydrite, and minor amounts of goethite (Arocena and Pawluck, 1991). The presence 
of Fe in nodules suggests nodules may also act as sinks for associated Mn and P. Nodules 
have been shown to be enriched in Fe, Mn, and P compared to the surrounding soil matrix 
(Somera, 1967; Drosdoff and Nikiforoff, 1940). Several researchers have noted that Mn 
concentrations in large nodules are greater than in smaller nodules (Sidhu et al., 1977; 
Schwertmann and Fanning, 1976; Phillippe et al., 1972; Roslinkova, 1961). We found 
that Fe-Mn nodules develop various shapes and colors in repeating combinations with 2 
regard to size and horizon. Their chemical composition and morphology may be an 
indication of redoximorphic conditions or the extent and intensity to which redox 
processes are occurring in the soil. 
Description of Study Area and Sampling Techniques 
Iron-manganese nodules were collected from three pedons along a transect of soils 
with differing drainage classes in the south-central Willamette Valley. The valley is mostly 
underlain by unconsolidated, silty alluvial sediments (Allison 1953). The Willamette 
Formation is the most recent of these deposits (Baister and Parsons, 1969). The 
uppermost member of the Willamette Formation, the Greenback member, and the lowest 
member present at this location, the Irish Bend member, originated as deposits of 
cataclysmic floods (Baldwin, 1976) of glacial origin (Glasmann and Kling, 1980) during 
the late Pleistocene. At some locations, the Malpass member is between the Greenback 
Irish Bend members. The Malpass is a dense clay layer with disputed depositional origins, 
most certainly associated with a low energy depositional environment. The geomorphic 
surface most likely associated with the transect is the Calapooyia (Baster and Parsons, 
1968). Horizonation and stratigraphy by four investigators are given in Table 1.1. 
The eastern-most pedon is most hie the Willamette Series (elevation 78.5 m). 
This site is located on the toe slope of a butte of volcanic origin. The Willamette profile 
at this location is probably composed of the Greenback member of the Willamette 
Formation underlain by the Irish Bend member at approximately 100 cm.  It is classified 
as a fine-silty, mixed, superactive, mesic Pachic Ultic Argixeroll. A dense oak canopy 3 
Table 1.1. Partial horizonation of Willamette, Amity, and Dayton sites 
Author 
Seterl  Austint  WSMP: 
Site 
Stratographic 
Member* 
Depth  Horizon  Depth  Horizon  Depth  Horizon 
(cm)-­ --(cm)--
Willamette 
G  0-33  A  0-17  Ap  0-17  Api 
G  33-48  AB  17-31  A  17-31  Ap2 
G  48-69  BA  31-49  AB  31-49  AB 
G  69-90  Btl  49-69  BA  49-69  BA 
G  90+  Bt2  69-91  Btl  69-91  Bt/E 
91+  Bt2  91+  2Bt1 
lii.tl 
G  0-13  Apl  0-15  Api  0-15  Api 
G  13-30  Ap2  15-29  Ap2  15-23  Ap2 
G  30-46  AE  29-52  AE  23-40  A 
G  46-73  E  52-73  E  40-59  E 
IB  73-89  2Bti  73-94  2Bt1  59-78  Btl 
IB  89+  2Bt2  94+  2Bt2  78-97  Bt2 
97+  BCtl 
Dayton 
G  0-14  Apl  0-6  Apl  0-6  Api 
G  14-26  Ap2  6-23  Ap2  6-23  Ap2 
G  26-36  E  23-38  E  23-35  E 
G/M  36-45  2EB  38-43  2EB  35-47  DB 
M  45-59  2Bt1  43-56  2Bti  47-68  2Bt1 
M  59-78  2Bt2  56-85  2Bt2  68-86  2Bt2 
IB  78-91  3Bt3  85+  3Bt3  86+  3Bt3 
IB  91+  3BCt 
Seter (1998)  G  Greenback 
t Austin (1993)  M  Malpass 
t Wet Soils Monitoring Project  IB  Irish Bend 
* Bolster and Parsons (1969) 4 
(Quercus garryana) inhibits understory vegetation but provides abundant leaf litter as a 
carbon source. This pedon is well-drained and has moderately-slow to moderate 
permeability. 
The Amity-like pedon, 90 m to the west of the Willamette pedon is classified as a 
fine-silty, mixed, mesic Argiaquic Xeric Argialboll (elevation 78.2.) Like the Willamette, 
the Amity has also formed in the Greenback and Irish Bend members, but it is 
differentiated at the series level as somewhat-poorly drained. Overland flow of rainwater 
from the butte's slopes and excess water is channeled into a nearby drainage ditch. 
Standing water is present after periods of prolonged precipitation. The Amity is heavily 
vegetated with grasses in contrast to the Willamette site. 
The western-most site is most like the Dayton Series (77.5 m elevation). It is 
approximately 110 m west of the Amity site. It is classified as a fine, smectitic, mesic 
Typic Albaqiialf, This site includes the Malpass member of the Willamette Formation. 
The Malpass member is located at approximately 40 cm and impedes vertical drainage of 
water. Permeability of this profile is generally very-slow and it is classified as poorly-
drained. This site is located on a broad level plain and is heavily vegetated with grasses. 
Ponding occurs frequently during the rainy season. The site has been modified by a nearby 
drainage ditch and road building. 
Water table, temperature, and redox potential characteristics were measured at 
these sites and reported by Austin (1993), who observed general conditions of saturation 
and high water tables at all the sites during the rainy season. Chemical reducing 
conditions usually coincided with increases in soil temperatures and duration of saturation 
in the Amity and Dayton pedons. General site characteristics are given in Table 1.2. Table 1.2a. Site characteristics of the Willamette pedon 
Physical Characteristics  Water Tables  Eh 220 mV or lowers 
Depth  Horizon  Color  Texture  Bulk  Depth  '91-92  '92-93  '91-'92  '92-'93 
Density* 
-(cm)- (moist)  -(g cm-3)- -(cm)- (weeks observed) 
0-33  A  10YR3/2  SiL  1.3  25  3  20  0  0 
33-48  AB  10YR3/1  SiL  1.4 
48-58  BA  10YR3/2  SiL  1.5  50  16  29  0  0 
58-69  BA  10YR3./2  SiL  1.6 
69-79  Btl  10YR3/3  SiCL  1.4 
79-90  Btl  10YR3/3  SiCL  1.2 
90-99  Bt2  10YR4/2  SiCL  1.5 
99+  Bt2  10YR4/2  SiCL  1.5  100  20  31  0  2 
'Number of weeks water table observed at depth indicated (Austin, 1993) 
* Bulk density estimated from core samples 
t Field measurment corrected to the standard hydrogen electrode (Austin, 1993) 
Number of weeks observed, not consecutive (Austin, 1993) Table 1.2b. Site characteristics of the Amity pedon 
Physical Characteristics  Water Table'  Eh 220 mV or lowers 
Depth  Horizon  Color  Textures  Bulk  Depth  '91-92  '92-93  '91-'92  '92-'93 
Density* 
-(cm)- (moist)  -(g cm-3)- -(cm)- (weeks observedt) 
0-13  Apl  10YR3/2  SiL  1.2 
13-30  Ap2  10YR3/1  SiL  1.4  25  22  30  3  9 
30-39  AE  10YR3/2  SiL  1.5 
39-46  AE  10YR4/2  SiL  1.6 
46-58  E  10YR5/2  SiL  1.4  50  25  31  2  14 
58-69  E  10YR5/2  SiL  1.6 
69-73  E  10YR5/2  SiL  1.5 
73-81  2Bt1  10YR4/2  SiCL  1.5 
81-89  2Btl  10YR4/2  SiCL  1.2 
89+  2Bt2  10YR4/2  SiCL  1.3  100  30  35  0  6
 
Number of weeks water table observed at depth indicated (Austin, 1993)
 
* Bulk density estimated from core samples 
t Field measurment corrected to the standard hydrogen electrode (Austin, 1993) 
Number of weeks observed, not consecutive (Austin, 1993) Table 1.2c. Site characteristics of the Dayton pedon 
Physical Characteristics  Water Tablet  Eh 220 mV or lowers 
Depth  Horizon  Color  Texture  Bulk  Depth  '91-92  '92-93  '91-'92  '92-'93 
Density* 
-(cm)- (moist)  -(g cm-3)- -(cm)- (weeks observedt)
 
0-14  Apl  10YR3/2  SiL  1.1
 
14-26  Ap2  10YR3/1  SiL  1.5
 
26-36  E  10YR3/2  SiL  1.3  30  22  30  8  11 
36-45  2EB  10YR4/2  SiC  1.3 
45-59  2Btl  10YR5/2  C  1.4 
59-66  2Bt2  10YR5/2  SiC  1.4  60  24  31  10  8 
66-78  2Bt2  10YR5/2  SiC  1.3 
78-91  3Bt3  10YR4/2  SiC  1.4 
91+  3BCt  10YR4/2  SiC  1.3  100  30  37  5  8 
1Number of weeks water table observed at depth indicated (Austin, 1993) 
* Bulk density estimated from core samples 
t Field measurment corrected to the standard hydrogen electrode (Austin, 1993) 
Number of weeks observed, not consecutive (Austin, 1993) 8 
Saturation and low redox in the Amity were not continuous although the number 
of weeks saturated was similar at depths of 25 and 50 cm (Austin, 1993). Redox 
measurements measured at 50 cm were low enough to reduce Fe (220 mV) for 14 weeks 
during a particularly wet year (1992-93). At 25 cm, 220 mV or less was observed 9 
weeks. Increased redox potentials measured at the 25 and 50 cm electrodes generally 
coincided with a drop in the water table (Austin, 1993). 
The dense clay horizon in the Dayton remained saturated the entire rainy season. 
Reducing conditions were sustained late into the dry season. A perched water table 
developed above the clay before the water table wet the subsoil from below. The surface 
horizons remain wet almost continuously once the rainy season began because vertical 
drainage is so slow. Water table fluctuations happened only during times of decreased 
rainfall or near the end of the rainy season. The Willamette was observed to have an 
occasional high water table at 25 cm, although not as frequently nor with the duration like 
that in the Amity and Dayton (Austin, 1993). 
The Willamette Valley is an important agricultural area in the Pacific Northwest. 
The mild, humid climate, long growing season, and large areas of low relief support a 
diversity of agriculture. The central region of the Willamette Valley receives 
approximately 100 cm of precipitation annually. The majority of precipitation falls as rain 
between October and May. The study sites are currently used for production of ryegrass 
seed (Lolium perenne). 
Cores were removed from each of the pedons using a hydraulic coring device fitted 
with plastic sleeve liners. The cores were divided into genetic horizons, and then into 
subsections approximately 10 cm in length. After recording the Munsell color and texture, 9 
the moist samples were gently mixed by hand, so as not to fracture the nodules, then 
placed in air-tight plastic bags. 
The nodule component of each sample was separated from the soil-matrix (s­
matrix) using a combination of wet sieving and magnetic separation. Seventy to one 
hundred grams of the homogenized moist soil were weighed into plastic specimen cups. A 
piece of 74 um mesh plastic screen was attached to the opening of each cup with a screw 
ring. The cup was inverted and submerged in a canning jar filled with deionized water. 
The sample slurry was shaken gently for 12 h on a mechanical shaker (3.3 cycles s-1 with 5 
cm throw). Sonic dispersion was then used to loosen adhering s-matrix particles from the 
> 74 um fraction. The sample was further washed gently through a 75 um sieve with 
deionized water.  This procedure resulted in a clean isolation of the >75 um fraction with 
minor or no breakage. The > 75 um fraction was dried at 105 C for 24 h. 
The >75 ,um fraction was further divided into magnetic and non-magnetic fractions 
(Schulze, 1988). A hand-magnet was initially passed over the sample remove magnetite. 
Magnetite, thought not to be a product of authigenic Fe-Mn concentration-forming 
processes, was added back to the s-matrix. The largest nodules were hand-selected under 
a binocular microscope using tweezers. The remaining >75 um fraction was further 
divided into magnetic nodules and non-magnetic s-matrix via magnetic separation using a 
Frantz Isodynamic Separator with a vibrating track. The separator magnet was set at a 
maximum of 0.8 A, with a side tilt of 20°. This amperage was chosen in order to separate 
Fe-oxide materials with magnetic susceptibility greater than or equivalent to Fe-oxides 
presumed to be the primary constituents of the nodules: goethite, hematite, and secondary 
Fe-oxides. More than 70% of the >75 um fraction was magnetic. The magnetic fraction 10 
was then subdivided into three arbitrary size classes: medium (2 to 5 mm), fine (2 to 0.5 
mm), and very fine (0.5 to 0.075 mm). The weights of Fe-Mn nodules and those of the s-
matrix were recorded and stored in individual air-tight sample bags. 
References 
Allison, I.A. 1935. Glacial erratics in the Willamette Valley, Oregon. Geol. Soc. Am. Bull. 
44:675-722. 
Arocena, J.M., and S. Pawluk. 1991. The nature and origin of nodules in Podzolic soils 
from Alberta. Can. J. Soil. Sci. 71:411-426. 
Austin, W., 1993. Duration of saturation and redox potentials in selected Willamette 
Valley soils. 256p. M.S. Thesis, Dep. of Crop and Soil Science, Oregon State University, 
Corvallis, OR 
Baldwin, E.M. 1976. Geology of Oregon. Revised ed. Kendall Hunt Publishing Co., 
Dubuque, Iowa. 
Balster, C.A, and R.B. Parsons. 1968. Geomorphology and soils, Willamette Valley, OR 
Or. Agric. Exp. Stn. Spec. Rep. 265. 
Balster, C.A, and R.B. Parsons. 1969. Late Pleistocene stratigraphy, southern Willamette 
Valley, Oregon. Northwest Sci. 43:116-129. 
Cescas, M.P., E.H. Tyner; and R.S. Harmer III. 1970. Ferromanganiferous soil 
concretions: A scanning electron microscope study of their micropore structures. Soil Sci. 
Soc. Am. Proc. 34:641-644. 
Childs, C.W. 1975. Composition of iron-manganese concretions from some New Zealand 
Soils. Geoderma 13:141- 152. 
Drosdoff, M. and C.C. Nilciforoff. 1940. Iron-manganese concretions in Dayton soils. 
Soil Sci. 49:333-345. 
Gallaher, R.N., H.F. Perkins, and D. Radcliff. 1973. Soil concretions: 1. X-ray 
spectrograph and electron microprobe analyses. Soil Sci. Soc. Amer. Proc. 37:465-472. 
Glasmann, J. R., and G. F. Kling, 1980. Origin of soil materials in foothill soils of 
Willamette Valley, OR. Soil Sci. Soc. Am. J. 44: 123-130. 11 
Philippe, W.R., R.L. Blevins, R.J. Barnhisel, and H.H. Bailey. 1972. Distribution of 
concretions from selected soils of the inner bluegrass region of Kentucky. Soil Sci.Am. 
Proc. 36:171-173. 
Roslikova, V.I. 1961. Manganese-iron concretions of Suifenho-Khanha Lowland. Soviet 
Soil Sci. 4:431-437. 
Schulze, D.G. 1988. Separation and concentration of iron-containing phases. In Iron in 
soils and clay minerals . J.W. Stucki, Goodman, B.A., and U. Schwertmann, eds. Reidel 
Pub. Co., Dorctrecht. 
Schwertmann, U. and D.S. Fanning. 1976. Iron-manganese concretions in 
hydrosequences of soils in loess in Bavaria. Soil Sci. Soc. Am. J. 40:731-738. 
Sidhu, P.S., J.L. Sehgal, M.K. Sinha, and N.S. Randawa. 1977. Composition and 
mineralogy of iron-manganese concretions from some soils of the Indo-Gangetic plain in 
northwest India. Geoderma 18:241-249. 12 
Chapter 2. Distribution and Geochemical Characteristics of Fe-Mn Nodules 
in Seasonally-Saturated Soils 13 
Abstract 
This study was initiated to characterize the distribution of Fe-Mn nodules in three 
pedons, which differ in internal drainage, and trends in Fe, Mn, and P enrichment in the 
nodules relative to the intensity of the annual cycles of reduction and oxidation. Their 
potential to coprecipitate or sorb P makes them an integral part of the P cycle in wet soil. 
Nodules were sampled to 100 cm from a Willamette silt loam (fine-silty, mixed, 
superactive, mesic Pachic Ultic Argixeroll), an Amity silt loam (fine-silty, mixed, mesic 
Agriaquic Xeric Argialboll), and a Dayton silt loam (fine, smectitic, mesic Typic 
Albaqualf) in Benton County, Oregon. Peak accumulations of nodules occurred in 
horizons above Bt horizons. They comprised 1% to 4% (wt%) of the Willamette soil, 3 to 
16% of the Amity soil, and 2% to 6% of the Dayton. Nodule distributions below or in the 
lowest part of the Bt horizons were relatively reduced, up to 75% in the Amity and 
Dayton. Nodules accumulated up to 60% of the Fe-oxide pool and 90% of the Mn-oxide 
pool (dithionite-citrate-bicarbonate). The weakly crystalline Fe oxides (acid-ammonium­
oxalate) ranged from 60% to 100% of the Fe-oxides in the Willamette nodules, 40% to 
90% of Amity nodule-Fe, and 30% to 70% of Dayton nodules. Where nodules were 
especially abundant, 40 to 60% of the soil-P pool from soil samples was distributed among 
the nodules. 
Introduction 
Iron-manganese nodules are often found in soils that have undergone extended 
periods of saturation and biogeochemical reduction. Soluble forms of Fe (Fe (II)) and Mn 14 
(Mn (II)) precipitate as nodules varying in size, shape, hardness, and color in the soil 
matrix (Arocena and Paw luck, 1991; Childs, 1975; Gallaher et al., 1973; Cescas et al.; 
1970). Iron and manganese in nodules occurs largely as amorphous oxide cements, 
ferrihydrite, and goethite. Iron-manganese nodules have been shown to be enriched in Fe, 
Mn, and P compared to the surrounding soil matrix (Somera, 1967; Drosdoff and 
Nilciforoff, 1940). Several researchers have noted that Mn concentrations in large nodules 
are greater than in smaller nodules (Sidhu et al., 197; Schwertmann and Fanning, 1976; 
Phillippe et al., 1972; Roslinkova, 1961). 
Nodule size and mass appear to be related frequency and duration of 
biogeochemically reducing conditions in the soil (Schwertmann and Fanning, 1976; 
Phillippe et al., 1972; Roslinkova, 1961). In soils with coarser textures and better 
drainage, nodules are not as abundant, nor do they show a significant position of peak 
distribution by mass (Arshad and St. Arnaud, 1980; Phillippe et al., 1972). 
Materials and Methods 
A portion of each nodule size-separate and soil matrix (s-matrix) was powdered 
for chemical analysis. Willamette medium-sized nodules were rare and did not provide 
sufficient material for chemical analysis. Oxide forms of reducible Fe, Mn and associated 
P were extracted with dithionite-citrate-bicarbonate (DCB) (Bryant and Marcedo, 1990; 
Mehra and Jackson, 1960). Three sequential extractions ensured complete reduction of 
the Fe and Mn oxide fraction and improved reproducibility. Acidified ammonium-oxalate 
(AAO) (Jackson et al., 1986) was used to extract poorly crystalline Fe-Mn oxides andco­15 
precipitated P. Acidified ammonium-oxalate extracts Fe found in amorphous or short-
range crystalline iron-oxides like ferrihydrite (Schwertmann and Fischer, 1973; Patrick and 
Khalid, 1974; McKeague and Day, 1966) and dithionite-citrate-bicarbonate extracts 
reducible Fe and Mn associated with secondary crystalline iron-oxides, as well as Fe 
extractable with acidified ammonium-oxalate (Jayachandran et al., 1989; Khalid et al., 
1977; McKeaque and Day, 1966). Ferrihydrite and truly amorphous Fe-oxides are 
difficult to identify, therefore ratios of Fe extracted by AAO to that by DCB were used as 
proxies to estimate amorphous Fe concentrations (Arocena and Pawluck, 1991; Sidhu et 
al., 1977; Schwertmann and Fanning, 1976). 
Soluble Fe was determined in the DCB and AAO extracts using the a-1, 10 
phenanthroline colorimetric method. A 10% solution of aqueous hydroxylamine 
hydrochloride was added to each sample to reduce Fe (III) to Fe (II) prior to reaction with 
the color reagent. Manganese was determined by flame atomic adsorption. Acid reactive 
ortho-phosphate was determined colormetrically using modified version of the Murphy-
Riley technique (Wolf and Baker, 1990; Murphy and Riley, 1962). 
Results 
Distribution 
Nodules occurred in all horizons above 100 cm at all three sites (Figure 2.1). The 
Amity and Dayton had nodule accumulations (wt %) that were greatest above the 2Bt 
horizons. Every Amity horizon had substantially higher nodule concentrations than 16 
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Figure 2.1. Nodule concentration in the: a) Willamette; b) Amity; and c) Dayton 17 
anywhere in the Willamette or Dayton sites. The Willamette distribution of nodules to 
100 cm was fairly consistent with depth compared to the Amity and Dayton. Nodules 
comprised 3 to 16% of the soil mass in the Amity, 2% to 6% of the Dayton soil  , and 1% 
to 4% of the Willamette soil. Amity and Dayton nodule distribution diminished by as 
much as 75% below the 2Bt horizons. 
The spatial accumulation of the nodules was calculated using bulk density to 
convert the gravimetric concentration of nodules to a volumetric basis (Figure 2.2). The 
two methods of expressing distribution yield similar results, however, the volumetric 
calculation allows integration of total nodules in a column of soil to any depth. 
Maximum concentrations occur at the same position in the profile. The Amity soil 
accumulated 2.5 to 4 times more nodule mass than the Willamette or Dayton integrated to 
the Bt horizons or 100 cm (Table 2.1). The accumulation of nodules to the Bt horizons 
for the Willamette and Dayton was similar, 28 and 33 kg nods, however, the Dayton 
accumulated more nodule mass to 100 cm than the Willamette, 54 versus 37 kg nods, 
respectively. 
Distribution by nodule size varied widely among the three sites. The integrated 
accumulation to the top of the 2Bt1 indicated that the Dayton nodules were similarly 
divided among the medium, fine, and v. fine size fractions, 9, 14, and 10 kg nods 
respectively (Table 2.1). The accumulation of fine and v. fine nodules by the Amity was 
significantly more than medium to both the 2Bt1 and 100 cm. Very-fine nodules were 
most abundant in the Willamette above and below the Btl. Medium nodules were rare in 
the Willamette. 18 
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Figure 2.2. Spatial distribution of nodules (nod) in the; a) Willamette; b) Amity; 
and c) Dayton Table 2.1. Accumulation of nodules (nod) and s-matrix in a soil column (m2) integrated to the Bt horizon and to 100 cm 
Willamette  Amity  Dayton 
Depth (cm)
 
0 - Bt 1 (69)  0 - 100  0 - 2Bt1 (73)  0 - 100  0 - 2Bt1 (45)  0 - 100
 
kg nod
 
Total 
Nodules  28  37  108  120  33  54 
Medium  1  1  10  10  9 12 
Fine  8  10  57 61  14  26 
V. Fine  19  26  41  49  10  16 
S-Matrix  956  1356  1284  1276  548  1275 
45 20 
Geochemical Properties 
Dissolution analysis by DCB revealed nodules to be significantly enriched in Fe and Mn 
(Table 2.2, Table 2.3), accounting for as much as 57% of the Fe pools and 89% of the Mn 
pools, respectively (Figure 2.3; Figure 2.4). Iron sequestered by nodules from Amity and 
Dayton pools above 100 cm were similar ranging from 11 to 57 %, and 6 to 51% 
respectively. Willamette nodules to 100 cm sequestered relatively less of the Fe pool, 3 to 
17%. Manganese sequestered by Dayton nodules was up to 20% more than Mn 
sequestered from the Willamette and Amity Mn pools. The highest nodule Mn 
enrichment, with respect to the s-matrix, occurred in the Dayton 2Bt horizons where 82 to 
89 % of the Mn pool accumulated in nodules. Nodules from the Dayton Ap horizons 
were comparatively much less enriched and accumulated 12 and 15% of the Mn pool. 
The spatial accumulation of Fe to the Bt horizons and 100 cm was generally 
proportional to nodule concentration (Figure 2.5). The integrated calculation revealed the 
Amity nodules accumulated the most Fe to the 2Bt1 horizon and 100 cm, 8.1 and 9.6 kg 
Fe (Table 2.4). Dayton nodules above the 2Bt1 accumulated slightly less Fe than 
Willamette nodules above the Btl, but more Fe to 100 cm. The Dayton had one third as 
much Fe in the s-matrix to the 2Bt as the Willamette and Amity did to their Bt horizons, 
but Fe accumulations in the s-matrix to 100 cm were similar to for the three soils. 
The distribution of P accumulated in nodules was proportionately similar to that of 
Fe and nodule mass above the Bt horizons within each soil (Figure 2.6). The ratio of Fe in 
nodules to that of associated P ranged from 3 to 7 in the Willamette and Amity horizons 
for all sizes of nodules found above the Bt horizons (Table 2.5). Fine and v. fine Dayton 21 
Table 2.2. Concentration of Fe in nodules and s-matrix 
Pedon  Horizon  Sample Separate 
Total 
Medium  Fine  V. Fine  Nodules  S-Matrix 
---------------------- - - -- g Fe kg' sample 
Willamette  A  110  101  83  92  14 
AB t  91 80  80  14 
BA t 95  75  78  13 
BA t 90 70 72  12 
Btl t  98  69  75  14 
Bt1 t  83  70  71  16 
Bt2 t  83  72  75  17 
Bt2 t  72  64  66  17 
Amity  Apl  77  101  67  83  11 
Ap2  78 78  61  70  12 
AE  59  58  91 67  12 
AE  56 76 67 72  10 
E  66 77  86  80  9 
E  66 79 86  80  13 
E  43 80  85  78  13 
2Bt1  71  73  178  128  17 
2Bt1 t  65  51  56  15 
2Bt2 t  62  52  56  17 
Dayton  Apl  108  122  51  95  7 
Ap2  101 102 77 92  8 
E  111 97  71 95  7 
2EB  110  135  132  124  7 
2Bt1  81  105  127  108  11 
2Bt2  61  98  122  98  16 
2Bt2  54  87  110  82  14 
3Bt3  42  75  101  78  16 
3BCt t  65  85  70  16 
t Sample size insufficient for analysis 22 
Table 2.3. Concentration of Mn in nodules and s-matrix 
Pedon  Horizon  Sample Separate 
Total 
Medium  Fine  V. Fine  Nodules  S-Matrix 
g Mn kg-' sample 
Willamette A  t  9  5  6  3 
AB t 19  8 10  3 
BA  22  10 2 t 7 
BA t 27 6  9  2 
Btl t 31  5 12  3 
Btl t 32  6  13  3 
Bt2 t 37  13 20  2 
Bt2 t 44 28 34  2 
Amity Apl  10 4  5  5  3 
Ap2  5 10  5 7 2 
AE  24 10  3 10  1 
AE 22 10  1 7  1 
E  23 12 2  9  1 
E  23  12 2 10  1 
E  24 12 2  8  1 
2Bt1  23 20  4  12  1 
2Bt1 f 25  6  13  1 
2Bt2 t 29  9  17  1 
Dayton Apl  9  1 2  3  1 
Ap2  11 3 4 5 2 
E  26 4  3 9  1 
2EB  53 9  3 26  1 
2Bt1  75  31  8 30  : 
2Bt2  65 35  8 33 
2Bt2  57 34  5  35 
3Bt3  61  31  12  30 
3BCt  t  49  30  41 : 
t Sample size insufficient for analysis 
Mn < .05% by weight 23 
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Figure 2.3. Concentration of Fe sequestered in nodules and soil (nodules and s-matrix) 
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Figure 2.5. Spatial accumulation of Fe sequestered in nodules from the: a)Willamette: b) 
Amity; and c) Dayton Table 2.4. Accumulation of Fe by nodules and s-matrix in a soil column (m2) integrated to the Bt horizon and to 100 cm 
Willamette  Amity  Dayton 
Depth (cm)
 
0 - Btl (69)  0 - 100  0 - 2Bt1 (73)  0 - 100  0 - 2Bt1 (45)  0 - 100
 
kg Fe
 
Total 
Nodules  2.3  3.2  8.1  9.6  1.8  5.2 
Medium  0.1  0.1  0.7  0.7  0.9  1.1 
Fine  0.8  1.0  4.3  4.8  1.6  2.7 
V. Fine  1.5  2.1  3.1  4.1  0.7  1.4 
S-Matrix  12.4  18.8  10.8  16.4  4.0  14.4 17 
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Figure 2.6. Spatial accumulation of P sequestered in nodules from the: a)Willamette; b) 
Amity: and c) Dayton 28 
Table 2.5. Ratios of molar concentrations of Fed to Pd in nodules and s-matrix 
Pedon  Horizon  Sample Separate 
Medium  Fine  V. Fine  S-Matrix 
mol:mol 
Willamette  A  3  4  4  4 
AB 4  5 t 5 
BA t  5  6 42 
BA t 5 6  3 
Btl t 6 6  7 
Btl t  6  5 24 
Bt2 t 6  7  5 
Bt2 t  8  8 2 
Amity Apl  4  4  4  4 
Ap2  4  5 3 6 
AE  4 4 5 3 
AE  4 5 5 5 
E  5 6 5 3 
E  4 6 6  3 
E  3 6 7  3 
2Bt1  3 6 22  3 
2Bt1 t  5  18  17 
2Bt2 t 4 14  2 
Dayton Apl  12  6  4  3 
Ap2  11 9 9  7 
E  12 7 8  1 
2EB  13  15 18  6 
2Bt1  10  10  12  38 
2Bt2  11  11 13  3 
2Bt2  15 26  16  2 
3Bt3  14 25  17  4 
3BCt t  10  15  18 
t Sample size insufficient for analysis 29 
nodules had 4 to 9 times more Fe than P above the 2Btl while medium Dayton nodules 
had higher ratios, 11 to 13. In and below the Bt horizons, Fe/P ratios were more than 10 
for v. fine Amity nodules, as well as Dayton fine and v. fine nodules. 
Nodules were enriched in P (Table 2.6), sequestering as much as 60% of the soil-P 
pool (Figure 2.7). The range of P accumulated in nodules was generally greatest above 
the Bt horizons, 10 to 63% in the Willamette, 10 to 60% in the Amity, and 12 to 34% in 
the Dayton. The integrated accumulation of P in nodules to the Bt horizons was higher 
above than below with 1.0 kg P in the Amtiy, 0.3 kg P in the Willamette, and 0.2 kg P in 
the Dayton (Table 2.7). Accumulations of P in nodules to 100 cm increased by 0.1 kg for 
all soils. 
Manganese was also enriched in the nodules compared to the s-matrices (Table 
2.3). The Dayton nodules generally sequestered more of the soil Mn pool compared to 
the Willamette and Amity nodules (Figure 2.4). Integrated to the Bt horizons, Willamette 
and Dayton nodules accumulated similar amounts of Mn, 0.2 kg Mn, while Amity nodules 
accumulated more, 0.9 kg Mn. Less Mn was sequestered in Dayton surface nodules even 
though nodules were most abundant in the surface than elsewhere in the profile (Figure 
2.8; Figure 2.2). Manganese sequestered in nodules increased with depth and the 
integrated accumulation of manganese to 100 cm was three times that to the 2Bt1 (Table 
2.8). High Mn accumulations in a zone of diminishing nodule mass results in Mn 
enrichment factors (by wt%) for Dayton nodules that are over 100. The quantity of Mn 
sequestered in Willamette nodules doubles when integrated to 100 cm. 30 
Table 2.6. Concentration of P in nodules and s-matrix 
Pedon  Horizon  Sample Separate 
Total 
Medium  Fine  V. Fine  Nodules  S-Matrix 
g P kg' sample 
Willamette  A  20  15  12  13  2 
AB  t  12  9  9  2 
BA  t  10  7  8  t 
BA  t  10  7  7  2 
Btl  t  9  6  7  1 
Btl  t  8  8  9  $ 
Bt2  t  7  6  6  1 
Bt2  t  5  5  5  5 
Amity  Apl  11  15  9  12  2 
Ap2  11  9  13  11  1 
AE  8  7  10  8  2 
AE  7  9  8  8  1 
E  7  8  9  8  2 
E  9  8  7  8  2 
E  7  7  7  7  3 
2Bt1  12  7  5  6  3 
2Bt1  t  8  2  4  1 
2Bt2  1  9  2  5  : 
Dayton  Apl  5  10  6  8  1 
Ap2  5  6  5  6  1 
E  5  7  5  6  3 
2EB  5  5  4  5  1 
2Bt1  4  6  6  6  I 
2Bt2  3  5  5  5  3 
2Bt2  2  2  4  2  4 
3Bt3  2  2  3  2  2 
3BCt  t  4  3  3  1 
t Sample size insufficient for analysis
I  P < .05% by weight 31 
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Figure 2.7. Concentration of P sequestered in nodules and soil (nodules and s-matrix) 
in the: a)Willamette; b) Amity; and c) Dayton Table 2.7. Accumulation of P by nodules and s-matrix in a soil column (m2) integrated to the Bt horizon and to 100 cm 
Willamette  Amity  Dayton 
Depth (cm) 
0 - Btl (69)  0 - 100  0 - 2Bt1 (73)  0 - 100  0 - 2Bt1 (45)  0 - 100 
kg P 
Total 
Nodules  0.3  0.4  1.0  1.1  0.2  0.3 
Medium  <0.1  <0.1  0.1  0.1  <0.1  0.1 
Fine  0.1  0.1  0.5  0.6  0.1  0.2 
V. Fine  0.2  0.2  0.4  0.4  0.1  0.1 
S-Matrix  1.4  2.0  1.7  2.6  0.7  2.0 33 
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Figure 2.8. Spatial accumulation of Mn sequestered in nodules from the: a)Willamette; b) 
Amity; and c) Dayton Table 2.8. Accumulation of Mn by nodules and s-matrix in a soil column (m2) integrated to the Bt horizon and to 100 cm 
Willamette  Amity  Dayton 
Depth (cm) 
0 - Btl (69)  0 - 100  0 - 2Btl (73)  0 - 100  0 - 2Bt1 (45)  0 - 100 
kg Mn 
Total 
Nodules  0.2  0.4  0.9  1.1  0.2  0.6 
Medium  t  t  0.2  0.2  0.2  0.3 
Fine  0.1  0.2  0.6  0.8  <0.1  0.3 
V. Fine	  0.1  0.2  0.1  0.2  <0.1  0.1 
S-Matrix	  2.5  3.6  1.3  1.6  0.7  0.5 
t insufficient sample for complete analysis 35 
Integrated Mn accumulation in Amity nodules to 100 cm was 20% more than to the 2Bt. 
Soil-matrix concentrations of Mn in the Willamette were approximately twice that of the 
Amity and three to seven times more than the Dayton (Table 2.8). 
Manganese was generally more concentrated in larger nodules (Table 2.3). This 
trend was also apparent for Willamette and Amity nodules. Iron and phosphorus 
displayed no outstanding trends with regard to concentration by size class in the 
Willamette and Amity (Table 2.2, Table 2.6). Dayton v. fine nodules had the lowest 
concentrations of Fe in the A and E horizons and the greatest concentrations of Fe in and 
below the 2Bt1 (Table 2.2). 
Amorphous Fe and associated P 
The portion of the secondary Fe-oxides that were weakly crystalline, or 
amorphous, was estimated from the ratio of Feo /Fed. The amorphous Fe portion ranged 
from 60% to 100% ([Fe,, /Fed] * 100) in the Willamette nodules, 40% to 90% in Amity 
nodules, and 30% to 70% of Dayton nodules (Table 2.9). Willamette and Amity nodules 
were approximately 60 to 90% amorphous Fe above their Bt horizons. Willamette 
nodules had slightly more amorphous Fe relative to Amity. Amorphous Fe in Dayton 
nodules was low in the surface horizons, 30 to 45%, relative to the Willamette and Amity, 
which were generally more than 60% amorphous Fe. There was no apparent trend for the 
distribution of amorphous Fe by size class. Amorphous Fe in the s-matrices was generally 
greatest in surface horizons and decreased with depth. 36 
Table 2.9. Relative percentage of Fed to Fed in nodules and s-matrix 
Pedon  Horizon  Sample Separate 
Medium  Fine  V. Fine  S-Matrix 
Willamette  A  t  62  75  47 
AB  t  79  73  38 
BA  t  79  71  39 
BA  t  17  71  42 
Btl  t  91  70  30 
Btl  t  97  71  29 
Bt2  t  86  70  29 
Bt2  t  87  100  21 
Amity  Apl  67  69  74  59 
Ap2  95  76  70  62 
AE  85  100  68  53 
AE  81  73  65  51 
E  85  73  64  3 
E  61  79  55  30 
E  100  20  59  32 
2Bt1  34  95  33  19 
2Bt1  t  96  87  19 
2Bt2  t  59  87  9 
Dayton  Apl  34  28  100  64 
Ap2  42  38  43  61 
E  45  24  36  42 
2EB  37  37  31  44 
2Bt1  75  59  39  24 
2Bt2  73  51  46  35 
2Bt2  64  49  40  15 
3Bt3  100  64  52  13 
3BCt  t  67  50  16 
t Sample size insufficient for analysis 37 
Using a similar ratio for P extracted with AAO to P extracted by DCB 
([Po/Pdr100) P associated with amorphous oxides was estimated to be as low as 11% 
(Dayton E, fine nodules) to as much as 91% (Amity 2Btl, v. fine nodules) (Table 2.10). 
This ratio generally increased with depth for all size classes.  All nodules were enriched in 
Po compared to the s-matrix. By comparing Fe to P for the two extractions, their 
relationship in the nodules was examined. While most Fed/Pd (P extracted with DCB) 
ratios were higher than 10 in the Dayton (Table 2.5, ratios of Feo /Po (P extracted with 
AAO) were even higher, most greater than 20 (Table 2.12). In and below the Dayton 
2EB, the Fe/P ratios for DCB and AAO range from 10 to 26 and 11 to 65 respectively. 
There was no apparent trend with regard to Fe/P ratios by size classes for the Willamette 
and Amity. 
Discussion 
The distribution of nodules and their concentrations of Fe, Mn, and P suggest that 
redoximorphic processes and related hydraulic properties affect nodule formation. The 
distribution of Willamette nodules throughout the upper 100 cm varies little compared to 
the Amity and Dayton, which have definite peak concentrations of nodules above their Bt 
horizons. The Willamette has been classified as a well-drained soil. The Willamette water 
table was measured to 25 cm and 50 cm with the least amount of frequency or duration of 
the three soils (Austin, 1993). The Amity and Dayton, somewhat-poorly and poorly-
drained, experience extended saturation and general conditions of biogeochemical 
reduction throughout the rainy season. If all other conditions were equal, one would 38 
Table 2.10. Concentration of P. to Pd in nodules and s-matrix 
Pedon  Horizon 
Willamette  A 
AB 
BA 
BA 
Bt1 
BtI 
Bt2 
Bt2 
Amity	  Apl 
Ap2 
AE 
AE 
E
 
E
 
E
 
2Bt1
 
2Bt1
 
2I3t2
 
Dayton	  Apl 
Ap2 
E 
2EB 
2Bt1 
2Bt2 
2Bt2 
3Bt3 
3BCt 
Medium 
35
 
t 
t 
t 
t 
t 
t 
t 
22
 
27
 
21
 
32
 
26
 
17
 
32
 
27
 
t 
t 
19
 
18
 
25
 
18
 
36
 
27
 
32
 
56
 
t 
Sample Separate 
Fine  V. Fine 
19  39
 
32  29
 
26  43
 
24  40
 
29  45
 
39  37
 
36  49
 
44  64
 
19  35
 
33  22
 
35  34
 
37  42
 
43  33
 
41  40
 
49  22
 
36  56
 
21  91
 
21  66
 
16  38
 
31  34
 
11  24
 
22  36
 
23  33
 
17  27
 
20  57
 
34  66
 
18  42
 
S-Matrix 
59
 
56
 
100
 
31
 
64
 
100
 
35
 
10
 
49
 
67
 
27
 
51
 
25
 
12
 
13
 
9
 
79
 
12
 
39
 
58
 
6
 
24
 
100
 
5
 
4
 
7
 
38
 
f Sample size insufficient for analysis 39 
Table 2.11. Ratios of molar concentrations of Fe. to P. in nodules and s-matrix 
Pedon  Horizon  Sample Separate 
Medium  Fine  V. Fine  S-Matrix 
mol:mol 
Willamette  A  5  13  8  3 
AB t 10  13  4 
BA t 16  9  4 
BA t  4 10  5 
Btl t 18  10  3 
Btl t 14  9  5 
Bt2 t 15 10  5 
Bt2 t 16  13  4 
Amity Ap 1  12  14  8  4 
Ap2  14 11 8 5 
AE  17  13 10 6 
AE  11 10 7 5 
E  16  9  10 <1 
E  14  11 9  8 
E  13  2 18  6 
2Bt1  4 16  13  6 
2Bt1 t  20  17  4 
2Bt2 t  11  18  2 
Dayton  Apl  21  11  12  5 
Ap2  24  11  11 7 
E  20 17  11  9 
2EB  28 24  15  12 
2Bt1  22 25  14  8 
2Bt2  30  33  21  20 
2Bt2  29 65  11  9 
3Bt3  25 48  13  8 
3BCt t  35  18  8 
f Sample size insufficient for analysis 40 
expect Fe  and Mrf+ to be available in greater quantities more often in the Amity and 
Dayton than would be in the Willamette. Conditions below the Amity and Dayton Bt 
horizons appear to inhibit or limit nodule forming processes compared to the surface 
horizons. 
The water table fluctuates throughout the upper 100 cm in the Amity during the 
rainy season. This allows oxygen to permeate the soil profile and oxidize soluble Fe and 
Mn.. The greatest concentrations of nodules occur just above the 2Bt1 horizons where 
reduced conditions occur most frequently. Distribution of nodules declines in and below 
the Amity 2Btl, but this is not a sharp decline. Dayton nodules are most concentrated 
near the surface. Although the Dayton is ponded during the rainy season, occasionally 
oxygen may be introduced during periods of decreased rainfall. Oxygen trapped in the 
Dayton at the beginning of the rainy season may also provide points of high redox 
potential that enable precipitation of Fe and Mn oxides. Below the 2Btl in the Dayton, 
where conditions of saturation persist well into the summer (Austin, 1993), nodule 
accumulations diminish significantly. With the occasional high water in the Willamette, 
biogeochemical reduction may be initiated in the soil micro-pores, but not on a scale like 
that of the Amity and Dayton. Willamette horizons are well-aerated and have similar 
concentrations of nodules throughout the upper 100 cm. 
The behavior of the water table appears to have a profound affect on the 
distribution of nodules. The difference being the frequency with which oxygen permeates 
the profiles during the rainy season. The Dayton is different from the Willamette and 
Amity in that it experiences conditions of saturation with periods of duration that go 
largely uninterrupted for the rainy season. The Amity has longer periods of uninterrupted 41 
saturation compared to the Willamette, yet it also has more fluctuations of the water table 
than the Dayton. The increased frequency of air penetrating the Amity surface horizons 
may increase nodule growth rate and acquisition of Fe and Mn oxide cements. The 
extended period of biogeochemical reduction with few or no water table fluctuations 
above the Dayton 2Bt1, as well as those regions under the water table in the Amity and 
Dayton, diminishes the frequency with which oxidation of Fe' and Me+ occurs. In this 
way, the growth rate of nodules by accumulation of Fe and Mn may be diminished in 
saturated horizons compared to horizons with a combination of extended saturation 
alternating with occasional aeration. Low concentrations of Mn in Dayton surface 
nodules also suggests that losses of Mn from the profile may be occurring. 
Phosphorus that is coprecipitated with Fe oxides appears to be more highly 
concentrated in nodules with more amorphous Fe oxides than nodules with crystalline Fe 
oxides. Willamette and Amity nodules have similar concentrations of Fe (Feo and Fed) and 
the ratios of Fe/P were generally less for both extractions than for Fe/P ratios in the 
Dayton. The structure of the more crystalline oxides extractable by DCB may inhibit 
coprecipitation of P or it may be that the presence of P may interfere with the formation of 
crystalline Fe-oxides. In either case, P was more highly concentrated in nodules with high 
concentrations of amorphous Fe. 
The formation or retention of the amorphous Fe-oxides component in nodules may 
be related to the rate or frequency with which air enters the soil profile. The Willamette 
profile sustains oxidized conditions through most of the rainy season, while oxygen is 
introduced as the water table fluctuates in the Amity. An abundance of air in the profile, 
as well as air trapped in pores inside peds during periods of saturation, is likely to initiate 42 
precipitation of Fe' from soil solutions before Fe-oxides with well-ordered crystallinity 
can form. Lowering of the water table only at the season's end, may allow more time for 
crystalline Fe-oxides in the Dayton nodules to develop relative to the Willamette and 
Amity. 
Summary 
The formation of nodules appears to be favored by the presence of three related 
actions: 1) annual and seasonal water table fluctuations; 2) biogeochemical reduction of Fe 
and Mn; and 3) precipitation of Fe-Mn oxides as nodule cements. The timing of 
saturation must coincide with temperatures that encourage microbial metabolism 
responsible for Fe and Mn chemical reduction. Biogeochemical reduction of Fe (III) and 
Mn (IV) occur when anaerobic conditions arise from microbial metabolism of organic C. 
From environmental and agricultural standpoints, the presence and chemical composition 
of nodules may be someday recognized as redoximorphic signatures for specific hydraulic 
and biogeochemical soil processes. 
Amity and Dayton sustained saturation and biogeochemical reduction was 
influenced by subsurface B horizons of low hydraulic conductivity. Where the duration of 
saturation was uninterrupted during the rainy season (Dayton), nodules accumulated in 
concentrations greater than that from a soil that is generally well-aerated (Willamette) and 
in lower concentrations than that from a soil whose periods of saturation are occasionally 
interrupted (Amity). 43 
The rate of Fe and Mn accumulation is probably controlled by the frequency with 
which oxygen enters the soil profile and the amount of biogeochemically reduced Fe and 
Mn in the vicinity of the formation site. Where drainage is slow it is unlikely that soil 
solutions actually leach Fe and Mn from the soil profile if oxidation occurs intermittently 
with fluctuations of the water table. Low concentrations of Mn and amorphous Fe were 
observed in nodules from horizons experiencing extended saturation with few or no water 
table fluctuations. This suggests losses of Mn, and perhaps amorphous Fe, from these 
horizons by solute transport. The presence of Fe-oxides in the nodules and the known 
association of P with Fe compounds suggest that accumulations of Fe-oxides may be 
active in controlling the availability of P in seasonally-saturated soils. Nodules were 
enriched in P in all horizons, as were Fe and Mn. 
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Chapter 3. Morphological Characteristics of Fe-Mn Nodules Formed in Seasonally-

Saturated Soils of the Central Willamette Valley
 47 
Abstract 
This study was initiated to assess the morphological properties of nodules as 
redoximorphic features in soils with varying degrees of saturation. The results of this 
study indicate that variations of Fe-Mn nodule macro- and micromorphology may be 
related to the duration and hydraulic properties of the water table in seasonally wet soils. 
Nodules were sampled to 100 cm from a Willamette silt loam (fine-silty, mixed, 
superactive, mesic Pachic Ultic Argixeroll), an Amity silt loam (fine-silty, mixed, mesic 
Agriaquic Xeric Argialboll), and a Dayton silt loam (fine, smectitic, mesic Typic 
Albaquall) in Benton County, Oregon. Light-colored nodules that were predominantly 
irregular- and blocky-shaped were observed in zones that regularly contain seasonal high 
water table. Irregular-shaped nodules occurred in horizons where the water table 
fluctuated during the rainy season. Light-colored blocky nodules occurred mainly in 
surface horizons that were usually saturated for the entire rainy season. Dark, spherical 
nodules were found in horizons that were well-aerated or seasonally reduced. When 
overlain by horizons containing light-colored irregular or blocky nodules, dark, blocky to 
spherical shaped nodules were in a zone of extended saturation with infrequent or rare 
fluctuations of the water table during the wet season. 
Introduction 
Soil nodules occur as concentrations of Fe and Mn-oxides of varying size, shape, 
hardness, and color. The boundary between the nodule and the surrounding matrix soil 48 
may be well-defined, diffuse or irregular. Micromorphological examinations support 
hypotheses that most nodules are formed by precipitation of Fe and Mn oxides between 
soil grains or as coatings surrounding the soil grains (Arocena and Pawluck, 1991; Childs, 
1975; Cescas et al., 1970). The result is what may be described as a nodule with 
undifferentiated internal fabric of randomly distributed grains and opaque cements. 
Studies of the internal nodule morphology occasionally suggest a layered, spherical zoning 
of oxide minerals or concentric fabric (Phillippe et al., 1972). Although the term 
concretion has been used loosely in the past to describe any type of nodule in the soil, the 
term "concretion" implies a process of formation wherein concentric spherical layers 
superimpose themselves upon one another about a common center by two or more 
repeating accumulation episodes. 
Distribution of nodules appears to be related to diffusion of gaseous and dissolved 
oxygen coming in contact with biogeochemically reduced Fe' and Mn'. As the network 
of pores becomes plugged with the Fe-Mn oxides, soil particles probably become 
encapsulated in what is now a growing nodule. Tardy and Nahon (1985) suggest a 
complicated process of weathering, mineral replacement, and precipitation of Fe-oxides 
that favors small pores and is largely dependent on the activity of water. Evaporation and 
capillary rise may, in part, be responsible for the location and pattern of nodule distribution 
in the soil profile (Sherman and Kanehiro, 1954). Nodules from poorly-drained soils have 
been characterized with undifferentiated fabric and diffuse external boundaries while 
nodules from well-drained soils may be rounded with sharp external boundaries and 
differentiated (concentric) fabric (Philippe et al., 1972). 49 
Methods and Materials 
Macromorphological characteristics, color and shape, were made using a binocular 
microscope and a 16X hand lens. Color was initially recorded as light, intermediate, and 
dark according to the key given later in Figure 3.3. Subsequent interpretations of color, 
however, were based on whether nodules were dark or "light" (not dark). Shapes were 
divided into irregular, blocky, and spherical. Irregular shapes were generally lumpy or 
raspberry forms (botryoidal) while blocky shapes were angular and boxy. The size classes 
were arbitrary designations of medium, fine, and v. fine ranging in size from >2 mm, 2 to 
0.5 mm, and 0.5 mm to 0.075 mm, respectively. 
Thin-sections used for the micromorphological investigations were selected from a 
collection made initially as part of the Wet Soil Monitoring Project in Oregon (Dr. J.H. 
Huddleston, principal investigator, Oregon State University). The polished thin-sections 
were prepared after soil peds were vacuum-impregnated with Spurvs resin and ground to 
30 gm (Spectrum Petrographics, Inc., Winston, Oregon). Observations were recorded 
from transects across each thin section. Approximately 75 nodules from each slide was 
characterized. 
Upon examination of hundreds of nodules in hand samples and thin sections, three 
main "anatomical" features were discovered to exist in the majority of the nodules: a dark, 
cemented central core, a surrounding less-cemented halo region and a rind that marks the 
boundary between the matrix particles belonging to the nodules (n-matrix) and those 
belonging to the surrounding soil matrix (s-matrix). The rind or exterior of the nodule 
could be described by color in the handsamples or by its shape, without thickness, in the 50 
thin-sections. The area surrounding the nodule, just outside the rind, was called the peri­
rind. The peri-rind appeared to be formed as a result of interaction between the nodule 
and the s-matrix. This area was most commonly a combination of soil grains, pores, 
birefringent parallel-oriented clays, and weakly Fe-stained or leached areas. (Figure 3.1). 
Although the rind was determined to be the proper boundary of the nodule, the peri-rind 
may be a transitional area belonging to both the nodule and the s-matrix. Clay bodies or 
particles of unusual size, shape, or composition located inside the nodule were reported as 
inclusions. 
At 100 X magnification, Fe-Mn nodules, like clastic aggregates of rock, had some 
intergranular porosity, but they appeared to be generally nonporous and impermeable due 
to crystallization of authigenic Fe-Mn oxide cements. The distinction between the n-
matrix grains and the cements was based on visual contrast which could be seen in thin-
section. The degree of cementation by Fe-Mn oxides in the nodule's central core was 
defined by the petrographer's ability to differentiate between the n-matrix fabric and 
mineral grains from the Fe-Mn oxide cements. If the n-matrix was totally masked by the 
dark-colored Fe-Mn cements, the nodule was said to have extreme cementation. Nodule 
matrices whose fabric and mineralogy were difficult to identify yet not fully masked had 
strong cementation. Nodules with masking by Fe-Mn oxides that dominated the mineral 
grains but identification of the n-matrix was possible had clear cementation. Weak 
cementation did not inhibit identification of n-matrix minerals. Weak cementation is 
similar to the that with the geologic term "grain-supported" because Fe-Mn oxide cements 
have filled in the pores between the n-matrix grains but the grains do not appear to be 51 
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Figure 3.1. Diagrammatic cross-section of a well-rounded nodule and the peri-rind (rind 
is boundary between peri-rind and halo) 52 
suspended in the cement nor are they masked by the opaque cements. A nodule whose n-
matrix mineralogy and fabric could be identified as similar to the s-matrix was described as 
conforming. Nodules with extreme cementation were considered non-conforming 
because the fabric and mineralogy was unknown. 
The configuration of the rind was described by its undulations. Occasionally rinds 
were discontinuous because a nodule was fractured or had merged with other nodules. 
Contours of the rind were described using broad categories. Smooth described a rind as 
being without any pitting or unusual protrusions. Wavy indicated the presence of some 
shallow undulations in the rind. Pitted was used to define a rind with deep pockets that 
cut into the general roundness of the nodule. Most nodules were round and had general 
symmetry about a central region. 
The halo region was described based on its thickness within the rind but outside of 
the indurated central core relative to the whole nodule within the rind. An abrupt halo 
was less than 5% of the nodule's radius. A moderate halo had between 5 and 10% of the 
nodule's radius. A gradual halo had between 10 and 20% of the nodule's radius. A 
diffuse halo comprised greater than 20% of the nodule's radius. 53 
Results 
Macromorphology 
Nodules from each horizon had repeating macromorphologic characteristics, with 
regard to shape, color, and size, that could be distinguished with the unaided eye or with a 
low-power hand lens. Figure 3.2 shows the nodule size separates from three horizons in 
the Dayton pedon. Figure 3.2a displays medium size nodules that are mostly spherical. 
Figure 3.2b has many medium size nodules that are irregular-shaped. Figure 3.2c shows 
spherical shaped nodules of all sizes. Figure 3.3 shows the relationship of color and shape 
to size class and horizon. Dark nodules were predominantly spherical in handsamples, 
while irregular nodules had light-colored exteriors. Blocky nodules were most frequently 
light colored, but in the Dayton subsoil blocky nodules were dark colored. The value and 
chroma represent the dominant shade of the nodule exteriors for the representative 
sample. Frequently colors were variegated so the value and chroma are only intended to 
give the reader an impression of the color variations from horizon to horizon and between 
soils. The full data set is given in Tables A.1, A.2, A.3 (Appendix). 
Halos on blocky and irregular nodules were light-orange or rusty colored, 
appearing to be colored by Fe-oxides. Dark cores were black or dark brown, probably 
stained by Mn-oxides. The contrast between the light-colored halo and the dark core gave 
the impression that the halo was less cemented than the core. The halo could not, 
however, be removed cleanly from the central core by scraping or picking with a 
fingernail. Any gradation of color between the core and halo usually was limited to a thin a) b)  c) 
10 mm 
Figure 3.2. Visual comparison of the nodules size separates in the Dayton: a) Ap2; b) E; and c) 2Bt2 55 
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Figure 3.3a. Distribution of Willamette nodules by color, shape, and size 56 
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Figure 3.3b. Distribution of Amity nodules by color, shape, and size 57 
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Figure 3.3c. Distribution of Dayton nodules by color, shape, and size 58 
zone at the interface between them. Nodules that did not have halos did not display 
obvious color gradation from exterior to core, and were generally dark throughout. 
Many of the medium-sized, irregular-shaped nodules appeared to the unaided eye 
to be aggregates of fine to v. fine nodules. When broken apart and viewed with a 
binocular microscope, however, these nodules did not look as if they were separate 
nodules that had fused or grown together. These light, irregular nodules were less 
resistant to breakage than the light, blocky nodules. 
Light colors were common for most nodules in the Amity and Dayton above the Bt 
horizons. Blocky shapes were most common for these nodules, however, the greater 
portion of medium-sized Amity nodules were irregular shapes. Light colored nodules in 
the Willamette were generally restricted to the medium-sized nodules, whichwere rare 
(Seter, 1998). 
Nodule colors and shapes of the hand samples throughout the Willamette and in 
and below the 2Bt horizons of the Amity and Dayton were generally darker and blocky to 
spherical, rather than blocky to irregular. The difference in the hand samples between the 
dark, spherical Willamette nodules and the dark, spherical Amity and Dayton nodules was 
mainly the buffed, or smoothed appearance of the Amity and Dayton nodules as compared 
to a rougher, slightly pitted look to the Willamette nodules. Dark, spherical nodules were 
more resistant to breakage than light, irregular or blocky-shaped nodules. 59 
Micromorphology 
Micromorphological characteristics are grouped by frequency and listed in Table 
3.1. Figure 3.4 shows a nodule from an intact ped in thin section. The nodule displays 
strong cementation, conforming n-matrix, smooth rind, abrupt halo, and parallel-oriented 
clays in the peri-rind (C7 - G10). This photo was over-exposed to reveal n-matrix fabric. 
This type of nodule was the most common in all the thin sections. All nodules observed 
with strong, clear, and weakly cemented n-matrices had fabric and mineralogy that 
conformed to the s-matrices. Inclusions (E9) in the n-matrix were commonly plagioclase 
or quartz with occasional isotropic forms. 
Willamette nodules were generally less cemented in the A and Btl horizons than in 
the Bt2 horizon. Extreme cementation, limited to one and six percent of the nodules in 
the A and Btl, masked the core of 28% of the nodules in the Bt2. The combination of 
extreme and strongly-cemented nodules was observed in 92% of the Bt2 nodules. Strong 
and clear cementation occurred 99% and 90% of the A and Btl nodules. Weak 
cementation was uncommon, at most 3% in the Btl. Halo thickness in Willamette nodules 
was primarily abrupt and moderate. Gradual halos were observed in 15% of the nodules 
from the A horizon, but in other horizons gradual and diffuse halos were observed in less 
than 10% of the nodules. Smooth rinds were most common on A horizon nodules and 
their occurrence decreased with depth. Nodules with pitted rinds were more abundant in 
Willamette nodules than Amity or Dayton nodules. The occurrence of wavy rinds was 
also frequent in Willamette nodules; in the Bt1 and Bt2, this rind shape dominated. Table 3.1. Occurrence of nodule characteristics as a percent of the number of observations. Characteristics are exclusive of each 
other within any category 
Willamette Pedon  Amity Pedon  Dayton Pedon 
Nodule 
Characteristics  A  Btl  Bt2  Ap2  E  2Bt1  Ap2  2EB  2Bt2 
% 
Cementation 
Extreme  1  6  28  35  30  28  23  50  50 
Strong  79  59  64  44  43  61  48  43  44 
Clear  20  31  7  17  27  11  26  7  3 
Weak  0  3  1  4  0  0  3  0  3 
Halo Thickness 
Abrupt  69  56  68  45  34  60  42  68  76 
Moderate  9  29  27  19  31  29  32  21  18 
Gradual  15  7  4  14  19  7  3  9  3 
Diffuse  7  8  1  22  16  4  23  2  3 
Rind Shape 
Smooth  67  37  24  60  50  50  80  62  61 
Wavy  18  45  49  26  42  28  13  35  24 
Pitted  15  18  27  14  8  12  7  3  15 
Number of 
Observations  81  75  75  81  96  82  31  96  34 ww 0"  ww 0 1. 
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Amity nodules were divided between extreme, strong, and clear cementation. 
Extreme cementation was most abundant in the Ap2 horizon and occurrence decreased 
with depth. The E and 2Bt1 horizons had more nodules that were strongly cemented 
relative to the Ap2. Clear cementation occurred in a maximum of 27% of the nodules 
from the E horizon. Weak cementation was observed in the Ap2, in a total of 4% of the 
nodules. Halo thickness was diverse in nodules from the Ap2 and E horizons, while 
nodules from the 2Bt1 had halos that were primarily abrupt and moderate. Smooth rinds 
occurred on half or more of the nodules from the Amity, although wavy rinds were also 
abundant in the E horizon. 
Dayton nodules were characterized primarily by extreme and strong cementation in 
the deeper 2EB and 2Bt2 horizons. Clear cementation was observed most often in the 
Ap2 where extreme cementation frequency was lowest. Weak cementation was rare in the 
Dayton nodules, Halos were generally abrupt and moderate throughout. Gradual and 
diffuse halos were uncommon except in the Ap2 where theywere observed in 23% of the 
nodules. The majority of the rinds were smooth-shaped, although the combined frequency 
of wavy and irregular increased with depth. 
Amity nodules from the Ap2 and E horizons occasionally displayed irregular 
cementation patterns of the central core although the general shape of the nodules was 
rounded or blocky in thin-section (Figures 3.5, 3.6) .  In Figure 3.5 the central core (H8) 
is strongly cemented and surrounded by an outer band of extreme cementation (D10). 
The moderately-sized halo fills in the undulations between the irregular-shaped outer core 
band and the smooth rind. All through the core are crystal inclusions. The peri-rind of 11 
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Figure 3.5 Polarizing microscope photography on a thin section from an Amity Ap2 intact 
ped: a) polarized light; and b) plane light 64 
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Figure 3.6. Polarizing microscope photography on a thin section from Amity E intact 
ped - a) polarized light, b) plane light 65 
this nodule includes porosity (B7 - C5, D3 - F2), birefringent oriented clays (L10 - J13), 
and depleted or stripped s-matrix (Figure 3.5b). Figure 3.6 is an extremely-cemented 
nodule with a halo that fills in the undulations between the irregular-shaped central core 
(G7) and the smooth rind at the outside edge of the diffuse halo. Porosity in the peri-rind 
follows the rind contours of the nodule (D2, D8, E12, Fl, I12). Inclusions are most 
visible at the edge of the core (isotropic form at E5) The central core is extremely 
cemented with a few inclusions of quartz or plagioclase. A nodule from the Amity 2Bt1 
(Figure 3.7) is an excellent example of irregular cementation, a rare case in this thin 
section. Bulges in the core (G13, J10) extend through the halo to the rind. 
Peri-rind features were used, in some cases, to determine the outer-most boundary 
of the nodule. Table 3.2 groups the peri-rind features by frequency observed. Parallel-
oriented clays, possibly emplaced by compaction of fine particles against the nodule rind 
or accreted by smearing with soil motion, often gave the nodules a well-defined, smooth 
rind. In the thin-sections, these clays appeared as a highly-birefringent, parallel-oriented 
band of clays against the nodule rind. The oriented clays in Figure 3.4 are well-developed 
and encircle most of the nodule. The banding in Figure 3.8 follows the contours of the 
inclusions (H4 - J4), was probably formed by the Fe-oxide induration of pressure-oriented 
clays or deformation of oriented clays that were once in the nodule's peri-rind. Internal 
porosity also follows this banding (D5 - G5). This nodule has a non-conforming n-matrix 
because the mineralogy and fabric of the n-matrix are not nice that of the surrounding s-
matrix. Oriented clays were observed in peri-rinds of many nodules in all of the thin 66 
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Figure 3.7 Polarizing microscope photography on a thin section from an Amity 2Btl intact 
ped: a) polarized light; and b) plane light Table 3.2. Occurrence of peri-rind characteristics as a percent of the number of observations. Characteristics are not exclusive of 
each other within any category 
Willamette Pedon  Amity Pedon  Dayton Pedon 
Nodule 
Characteristics  A  Btl  Bt2  Ap2  E  2Bt1  Ap2  2EB  2Bt2 
% 
Peri-rind Features 
None  33  23  9  24  34  7  74  18  3 
Oriented Clays  55  77  91  62  59  89  17  72  97 
Porosity  11  0  0  26  11  7  17  7  0 
Stripped Grains  2  3  0  12  0  0  0  15  3 
Number of 
Observations  81  75  75  81  96  82  31  96  34 68 
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Figure 3.8 Polarizing microscope photography on a thin section from an Dayton Ap2 
intact ped: a) polarized light; and b) plane light 69 
sections. The Dayton Ap2 thin-section had an unusually low number oriented clay 
occurrences compared to other thin-sections, 17%, as opposed to 50 to 97%. 
Pores surrounding the nodule or general porosity in the peri-rind often appeared to 
parallel the shape of the nodule or the nodule core (Figure 3.4, Figure 3.6). This type of 
porosity is probably caused by separation of the nodule from the surrounding s-matrix 
during thin-section preparation and was not present elsewhere in the s-matrix or nodule. 
Separation porosity was observed in all thin sections except for the Willamette Btl and 
Bt2 and the Dayton 2Bt2. Separation porosity suggests a division between the outer 
limits of the nodule as a cohesive unit and the s-matrix. Separation porosity was helpful to 
define the outer most edge of the nodule, especially if the halo was diffuse or there were 
no other peri-rind features. 
Stripped grains or zones that appears to be have lost Fe relative to rest of the s-
matrix and nodule, were observed in several thin-sections. The Amity 2Bt1 nodule 
(Figure 3.7) and the Dayton Ap2 nodule (Figure 3.8) display stripped grains surrounding 
the nodules. The absence of the natural s-matrix coloring is best observed in plane light. 
Stripped grains in the peri-rinds occurred on nodules with abrupt to diffuse halos, as well 
as surrounding those with oriented clays. The Amity Ap2 and Dayton 2EB had a much 
greater frequency of stripped grains in the peri-rinds than anywhere in the Willamette or 
any of the B horizon slides. 70 
Discussion 
Nodule characteristics, both macro- and micromorphological, varied among the 
nodules within each profile and among the three profiles. Differences in soil texture, 
redox processes, and hydraulic properties have been documented (Austin, 1993) and are 
likely to influence chemical composition (Seter, 1998) and morphology. Some of these 
differences occur in horizons formed in the same parent material suggesting in situ 
processes have lead to formation of nodules with different morphologies or post-
depositional modification of nodules with sedimentary origins. 
The continuum of shapes seems to coincide with the pattern of saturation and 
fluctuations of the water table. Nodules with irregular shapes are most common in soil 
horizons where the position of the high water table is dynamic. This corresponds to the A 
and E horizons in the Amity pedons. Nodules that are dark and blocky to spherical were 
found in horizons that maintain consistency with regard to redox conditions, like the 
aerobic Willamette horizons, or like the seasonally-saturated and reduced 2Bt horizons of 
the Amity and Dayton. Light colored, blocky nodules were found in horizons that 
experience extended periods of saturation but their location near the surface makes them 
susceptible to oxidation during periods of low rainfall. 
Nodule halos may be related to the concentration of Fe-oxides. Nodules with the 
thickest halos in handsamples were reported to have low concentrations of Fe-oxides in 
chemical data given by Seter (1998). These were the light colored nodules in the Amity 
that were from the same horizons with gradual and diffuse halos in the Amity thin 
sections. Lesser degrees of cementation, caused by any means, would be reflected by 71 
lighter colors in hand-samples because the effect of tinting the n-matrix with Fe and Mn is 
diminished. For the same reason, this area could also be less resistant to breakage. 
Light-colored nodules were generally blocky and irregular shapes. The irregular 
shape may be related to precipitation along fractures in the weakly cemented halo. If the 
halo is actually a weakly cemented zone, then fracturing of the halo by soil pressures 
seems logical. It may also be that the irregular shape has resulted from biologically 
mediated precipitation of Fe-Mn. Stewart (1997) viewed similar protrusions, 1000 um to 
less than 100 ,um in diameter, inside and outside Fe-Mn nodules. Stewart suggested one 
possibility for this morphology may be the result of the coalescence of smaller nodules. In 
any case, these nodules represent a case of extreme heterogeneity with regard to the 
concentration of Fe-Mn oxide cements in the nodule. 
Dark-colored nodules were generally spherical. Dark, spherical Willamette 
nodules displayed pitted surfaces in hand sample and pitted rinds in thin section, while 
dark, spherical nodules in the Amity and Dayton has smooth surfaces. The smooth 
appearance and spherical shape of the Amity and Dayton nodules may be caused by the 
accretion of oriented clays. Willamette nodules may have the pitted appearance because 
they lack these clays. Oriented clays were observed with greater frequency lower in the 
profiles of the Amity and Dayton where dark, spherical to blocky nodules were most 
abundant. 
Halo thickness and morphological irregularities may be signatures of the hydraulic 
properties and the general moisture regime of a soil. The light-colored nodules may be an 
indication of the water table in reduced soils, while the presence of dark, spherical nodules 72 
in underlying horizons indicate a zone of extended saturation. Distribution of light 
nodules with thick halos occurred mainly in horizons that experienced frequent or 
extended periods of biogeochemical reduction, and were in the zone where air is most 
likely to permeate the profile during the rainy season. Deeper in the same profiles, 
nodules were usually darker and blocky to spherical in shape, with lower occurrence of 
gradual and diffuse halos. In the field, nodule halos probably have been overlooked 
because their light color blends with the color of the surrounding soil or looks like soil 
particles stuck to the nodule. In some cases, the halo was the most prominent feature of 
the nodule. Careful removal from the soil matrix is imperative for retaining this feature 
intact. 
Extreme cementation of the n-matrix, more common in the wettest horizons, 
renders identification of the n-matrix impossible. The thin-sections used for this study 
were ground to 30 ,um, thin enough to reveal at least some of the silt and sand-sized 
particles that should be present if the n-matrix texture is conforming and the nodule 
incorporated soil grains into the n-matrix with growth. The wet conditions in the deep 
horizons may have caused intense weathering that has resulted in some modification, 
possibly mineral replacement, of the n-matrix grains. Strong and clear cementation were 
common throughout the Willamette profile. The fabric and mineralogy of the matrix 
particles encapsulated in the nodule were recognized as similar to those in the surrounding 
matrix soil. The conforming n-matrix suggests in situ origins by mulling of Fe-Mn oxides 
in and around pores and soil grains. 73 
Oriented clays were observed in all the thin-section slides from all the sites and 
their abundance increased with depth. Oriented clays appeared as a texturally non­
conforming, argillaceous particles oriented parallel to the nodule rind. This argillaceous 
band may be accreted to the nodule as it moves as a cohesive unit against soil motion. 
This processes may also be related loss of Fe from the peri-rind that liberates clay so it can 
move as well. A concretionary structure may result should the oriented clays become 
indurated by Fe-Mn oxide cements and the process were to repeat itself. The nodule in 
Figure 3.8 may have been formed in this manner.  Oriented clays were common the peri­
rinds of dark, spherical nodules, which supports suggestions that oriented clays may be a 
mechanical explanation for rounding (Stewart, 1997). 
Nodules with stripped grains in the peri-rind were most frequently observed in the 
Amity Ap2 and Dayton 2EB horizons. These are horizons with high accumulations of 
nodules (Seter, 1998). Growth of the nodule by accumulation of Fe and Mn from the 
surrounding s-matrix may leave the peri-rind appearing depleted and "bleached". Stripped 
grains occurred around nodules with abrupt to diffuse halos, as well as surrounding those 
with oriented clays. The presence of stripped grains, especially when it surrounds a 
nodule with oriented clays suggests an inward movement of Fe and Mn toward the nodule 
core indicating active formation of nodules via the relocation of Fe and Mn. 
Summary 
In general, irregular and blocky shaped nodules that are lighter in color suggested 
the position of the water table in soils that are seasonally saturated. Irregular-shaped 74 
nodules occurred where the water table was most dynamic. Dark, spherical nodules 
indicate a controlled environment whether it be reduced and saturated for most of the wet 
season or well-drained. Dark, spherical nodules, when overlain by horizons containing 
light-colored blocky or irregular nodules, may indicate extended saturation and reduction 
occur in the horizons where they are found. 
The process of nodule formation is unknown, however, the different morphologies 
suggest a dynamic system with influence on the movement of Fe and Mn in the soil. 
Shape, color, and size are nodule characteristics that can be observed in the field. Armed 
with general information and expectations regarding seasonal wetness at a particular site, a 
soil scientist could use nodule morphology to predict the profile position and fluctuations 
of the water table. As this is generally difficult to measure without years of data 
collection, these nodule morphologies, as well as those to be discovered, should prove to 
be useful tool for predicting a soil profile's moisture regime. 
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Chapter 4. Summary 77 
Contrasting morphologies and chemical properties of nodules found in the 
Willamette, Amity, and Dayton soil pedons suggest the presence of a dynamic 
biogeochemical system that influences redistribution of Fe and Mn. Nodule growth by 
accumulation of Fe and Mn-oxides is suggested by the distribution of nodules throughout 
the biotic zone and high nodule mass concentrations within the region of the seasonal 
water table in the Amity and Dayton. 
The process of solute transport to the site of nodule genesis results in the 
segregation of Fe, Mn, and P within the soil profile. Periodic introduction of oxygen 
concurrent with water table fluctuations leads to oxidization Fe' and Me+  .  At the sites 
of higher redox potential, it is likely that precipitation of Fe and Mncreate chemical 
gradients that move Fe and Mn in solution to sites of nodule formation. Losses of Fe and 
Mn may have occurred as soil solutions percolate through the Dayton during its extensive 
period of saturation and biogeochemical reduction. 
The greatest accumulations of Fe-Mn nodules occurred in horizons that were 
alternately reduced and oxidized several times during the wet season. Amity and Dayton 
sustained saturation and biogeochemical reduction was influenced by subsurface B 
horizons of low hydraulic conductivity. The poorly-drained Dayton accumulated more 
nodules mass than the well-drained Willamette, but less than the somewhat-poorly drained 
Amity. 
Formation or retention of the amorphous Fe-oxide component of nodules may be 
related to the rate or frequency with which air enters the soil profile. The Willamette 78 
profile sustained oxidized conditions through most of the rainy seasons (1992-1993). An 
abundance of air in the profile, as well as air trapped in pores inside peds during periods of 
saturation, is likely to initiate precipitation of Fe' from soil solutions before Fe-oxides 
with well-ordered crystallinity can form. The lack of air in the Dayton profile introduced a 
factor of time that may have allowed well-ordered crystalline Fe-oxide cements to develop 
relative to the amorphous Fe-oxides in Willamette and Amity nodules. 
While the Amity pedon had the greatest accumulation of nodule mass, the 
concentration of Fe in the nodules was approximately 30% less than the Dayton and 
Willamette nodules. This finding is consistent with the hypothesis that the halo feature, a 
zone that appears to be weakly Fe-cemented, effectively increases nodule size while 
decreasing Fe concentration. Halos were observed with greater frequency and thickness 
in Amity irregular-shaped nodules than nodules from the other soils. Dynamic fluctuations 
of the water table causing rapid precipitation of Fe- and Mn-oxides may result in 
incomplete infilling creating the halo and associated irregular shape. 
Little is known about nodule stability and the role of nodules as a sink for Fe, Mn, 
and P. Low surface area of a nodule compared to the soil matrix protects Fe, Mn, and P 
sequestered inside the nodule from dissolution and leaching that probably occur with 
greater frequency from soil matrix particles. Concentrations of Fe, P and nodule mass 
were proportional within each soil. The availability of P is coupled to oxidation and 
reduction of Fe-oxide mineral. Therefore, the presence of nodules may be useful in 
detecting areas of low P availability. As soils with high nodule content are often used for 79 
crop production or as managed wetlands, the presence of Fe-Mn nodules may be an 
important factor in determining the management practices of P in biogeochemically 
reduced soils. 80 
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APPENDIX
 84 
Table A.1 Willamette macromorphological characteristics of magnetic fraction >75 urn 
Soil  >75 um 
Depth  Horizon  Color  Magnetic  Size  Nodules  Shape  Dry Color 
(cm)  (Moist)  (wt %)  (mm)  (wt %)  (Munsell) 
>2  4  B  7.5YR4/6 
0-33  A  10YR3/2  74  0.5-2  34  B-S  7.5YR3/4 
0.075-0.5  61  S  7.5YR3/2 
>2  3  B  2.5YR3/4 
33-48  AB  10YR3/1  76  0.5-2  23  S  5YR3/4 
0.075-0.5  74  B  5YR3/3 
>2  1  B  7.5YR4/4 
48-58  BA  10YR3/2  80  0.5-2  24  S  7.5YR3/2 
0.075-0.5  75  S  7.5YR3/2 
>2  2  I  5YR4/2 
58-69  BA  10YR3/2  64  0.5-2  16  S  7.5YR3/2 
0.075-0.5  82  S  5YR3/4 
>2  2  S  7.5YR5/2 
69-79  Btl  10YR3/3  83  0.5-2  26  S  7.5YR3/2 
0.075-0.5  72  S  7.5YR3/2 
>2  3  I  7.5YR5/4 
79-90  Btl 
10YR3/3  88  0.5-2  26  S  7.5YR4/2 
0.075-0.5  70  S  7.5YR3/4 
>2  1  B  7.5YR4/4 
90-99  Bt2  10YR4/2  80  0.5-2  32  S  7.5YR3/2 
0.075-0.5  67  S  7.5YR3/2 
>2  2  S  BLACK 
99+  Bt2  75  0.5-2  42  S  10YR3/1 
0.075-0.5  56  S  7.5YR3/2 85 
Table A.2. Amity macromorphological characteristics of magnetic fraction >75 um 
Soil  >75 um 
Depth  Horizon  Color  Magnetic  Size  Nodules  Shape  Dry Color 
(cm)  (Moist)  (wt %)  (mm)  (wt %)  (Munsell) 
>2  11  I-B  10YR74/2 
0-13  Apl  10YR3/2  78  0.5-2  45  S  7.5YR4/4 
0.075-0.5  44  S  10YR3/3 
>2  8  I-B  7.5YR5/4 
13-30  A 2 p  I 0YR3/1 
87  0.5-2  45  B-S  I 0YR4/3 
0.075-0.5  47  B-S  10YR4/3 
>2  15  I  7.5YR4/4 
30-39  AE  10YR3/2  93  0.5-2  58  B  7.5YR4/4 
0.075-0.5  27  B  7.5YR4/6 
>2  4  I  10YR5/3 
39-46  AE  10YR4/2  98  0.5-2  61  B  10YR5/4 
0.075-0.5  36  B  10YR4/4 
>2  6  I-B  7.5YR4/4* 
46-58  E  IOYR5 /2  94  0.5-2  60  B  7.5YR4/6* 
0.075-0.5  34  B  7.5YR4/4* 
>2  15  I  7.5YR6/4* 
58-69  E  IOYR5 /2  94  0.5-2  48  B  7.5YR3/4 
0.075-0.5  37  B  7.5YR3/4 
>2  10  I  7.5YR4/4 
69-73  E 
1OYR5 /2  90  0.5-2  46  B-S  7.5YR3/4 
0.075-0.5  44  S  7.5YR4/4 
>2  6  1-B  7.5YR7/2* 
73-81  2Bt1  10YR4/2  77  0.5-2  42  B  7.5YR7/2* 
0.075-0.5  52  B  10YR3/4 
>2  1  S  BLACK 
81-89  2Bt1  10YR4/2 
73  0.5-2  38  S  10YR6/4* 
0.075-0.5  61  B  10YR4/3 
>2  1  I-B  10YR4/2 
89+  2Bt1  10YR4/2  74  0.5-2  42  S  10YR4/2* 
0.075-0.5  56  B  10YR4/3 
*Coating color on dark nodule 86 
Table A.3. Dayton macromorphological characteristics of magnetic fraction >75 um 
Soil  >75 um 
Depth  Horizon  Color  Magnetic  Size  Nodules  Shape  Dry Color 
(cm)  (Moist)  (wt %)  (mm)  (wt %)  (Munsell) 
>2  20  B  10YR5/4 
0-14  Apt  10YR4/2  na  0.5-2  45  B  10YR4/3 
0.075-0.5  34  B  10YR3/3 
>2  19  B  10YR5/4 
14-26  Ap2  10YR3/2  81  0.5-2  41  B  10YR4/3 
0.075-0.5  40  B  10YR3/3 
>2  26  B  10YR5/4 
26-36  E  10YR3/2  82  0.5-2  52  B  10YR5/4 
0.075-0.5  22  B  10YR4/3 
>2  41  B  I 0YR4/2 
36-45  2EB  10YR4/2  89  0.5-2  37  B  10YR4/4 
0.075-0.5  22  B  10YR3/4 
>2  13  S  7.5YR3/2 
45-59  2Bt1  2.5Y4/2  91  0.5-2  29  S  5YR3/1 
0.075-0.5  28  S  7.5YR3/2 
>2  18  B  7.5YR3/2 
59-66  2Bt2  2.5Y4/2  92  0.5-2  56  B  7.5YR3/2 
0.075-0.5  26  B  7.5YR3/4 
>2  30  I-B  10YR5/3* 
66-78  2Bt2  2.5Y4/2  100  0.5-2  50  B  10YR3/2 
0.075-0.5  20  B  7.5YR3/2 
>2  15  B  10YR5/3* 
78-91  3Bt3  2.5Y4/2  78  0.5-2  55  B  10YR3/1 
0.075-0.5  30  B  7.5YR3/2 
>2  3  I-B  10YR3/1 
91-100  3BCt  2.5Y4/2  88  0.5-2  63  B  5YR3/1 
0.075-0.5  34  B  7.5YR3/2 
*Coating color on dark nodule 